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SUMMARY 

The f a b r i c a t i o n  of alumina tube window holders  and t h e i r  i n s t a l l a t i o n  

i n  the high-temperature inf ra red  absorpt ion system is described. Measure- 

ments of t he  temperature d i s t r i b u t i o n  along the test  o p t i c a l  pa th  wi th  these  

holders showed the  v a r i a t i o n  to  be reduced t o  80 K f o r  a cen te r  temperature 

of 1200 K.. Absorption measurements of CO a t  1200 K and pressures  of 0 .25 0 

t o  3 atmospheres a r e  presented.  These a r e  successfully co r re l a t ed  by the  

. 
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I 
INTRODUCTION 

Knowledge of the in f r a red  r ad ia t ive  p rope r t i e s  of rocket  exhaust gases  

is required i n  many appl ica t ions .  Examples include the  pred ic t ion  of 

r a d i a t i v e  heat ing t o  the  base regions of multi-engine vehic les  and the 

long-range de tec t ion  of b a l l i s t i c  missiles. The magnitude and c h a r a c t e r i s t i c s  

of t h i s  i n f r a red  r ad ia t ion  depends on the flame composition and temperature. 

I 

I 

Analy t ica l  s t u d i e s  of the r a d i a t i v e  heat ing f r o m  rocket  exhause plumes I 

ind ica ted  the  need f o r  complete and accurate  s p e c t r a l  absorpt ion da ta .  

Although numerous inves t iga t ions  of CO and H 0 have been reported r ecen t ly ,  

the r e s u l t s  a r e  f o r  a maximum temperature of 2000 F o r  a r e  restricted t o  

a narrow wavelength region.  Further  more, e x i s t i n g  theo r i e s  f o r  pred ic t ing< 

in f r a red  r ad ia t ion  from high temperature gases  a r e  based on highly idea l ized  

phys ica l  models. The v a l i d i t y  and a p p l i c a b i l i t y  of the r e s u l t s  predicted 

from these theo r i e s  requi re  experimental conformation. 

2 2 
0 

The ob jec t ive  of the present study is to  obta in  the s p e c t r a l  character-  

i s t i c s  of a number of common combustion products under a va r i e ty  of accura te ly  

known thermodynamics and o p t i c a l  condi t ions.  Considerat ions lead ing  t o  the 

design and f a b r i c a t i o n  of an experimental apparatus  f o r  t h i s  purpose a r e  

given i n  re ference  1. This equipment c o n s i s t s  of a g raph i t e  r e s i s t a n c e  

furnace  wi th  an i n e r t  ceramic tube l i n e r  f o r  the containment of high-temp- 

e r a t u r e  gases ,  and an o p t i c a l  system f o r  de t ec t ion  of t he  in f r a red  absorpt ion.  

The test o p t i c a l  path is l imi ted  to  the c e n t r a l  zone of the furnace by the 

use of window holders a t  each end. Hot-pressed z i n c  se l en ide  windows w e r e  

o r i g i n a l l y  employed because t h i s  ma te r i a l  is t ransparent  i n  the  1-20 p 
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0 wavelength region and i n e r t  t o  H 0 ,  Cog and CO up t o  a temperature of 540 

I n  order  to  keep these windows below t h i s  l i m i t  i t  was necessary to  water 

cool  the holders  i n  which they were mounted. 

F. 2 

0 
Data for  the fundamental band of CO a t  temperatures of 300 K and 1800 OK 

and a t  p ressures  from 0.25 t o  3.0 atmospheres obtained w i t h  t h i s  sys t em w e r e  

reported i n  re ference  1. A 1  though agreement w i t h  e x i s t i n g  r e s u l t s  was wi th in  

15 pe r  cent ,  the s u b s t a n t i a l  temperature v a r i a t i o n  along the  test  o p t i c a l  

pa th  caused by the water-cooling of the  windows made the comparison open t o  

s o m e  quest ion.  Because of t h i s  the water-cooled window holders  w e r e  replaced 

wi th  alumina tubes and sapphire used f o r  t he  windows i n  p lace  of z inc  

se len ide .  

These modif icat ions a r e  described i n  t h i s  r epor t .  Measurements of t he  

temperature along the test path showed the v a r i a t i o n  to be less than 100 K 

a t  1200 K. Absorption measurements f o r  CO using both the  water-cooled and 

m i c  window holders a r e  a l s o  presented and discussed.  

INFRARED SPECTRAL ABSORPTION SYSTEM 

The in f ra red  s p e c t r a l  absorption s y s t e m  constructed f o r  t h i s  i n v e s t i -  

ga t ion  has been described i n  d e t a i l  i n  re ference  1. The hot-pressed zinc-  

s e l en ide  windows located a t  thd ends of the  test o p t i c a l  pa th  a r e  i n e r t  

to H 0, CO and CO i n  the temperature range up to  550 K. This temperature 

* 
0 

2 2 

* 
Eastman Kodak I r t r a n  4 .  
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l i m i t a t i o n  made i t  necessary t o  water-cool the holders  i n  which the  windows 

w e r e  mounted. The l a r g e  amount of cool ing necessary t o  maintain these  

windows below 550 K r e su l t ed  in  a l a rge  temperature v a r i a t i o n  through the  
0 

o p t i c a l  test path.  Typical temperature measurements i n  CO gas  a r e  presented 

i n  Fig. 13 of re ference  1. 

To e l imina te  t h i s  temperature va r i a t ion ,  high temperature window holders  

were fab r i ca t ed  and mounted i n  the furnace a s  shown i n  Fig.  1. Each holder  

was made 
* 

from a high pu r i ty  alumina tube (1" outs ide  diameter,  1/8" wal l  

and 6" long) with a sapphire  window (approx. 1/8" th ick)  bonded i n  one end 

by using a high temperature g lass  f r i t .  These sapphire  windows ( s ing le  

c r y s t a l s  of pure A l a  03) 

region,  a r e  i n e r t  t o  H 0 ,  CO, CO and can withstand temperatures up t o  

2000 OK. 

** 
a r e  t ransparent  i n  the  0.2 -7 p wave-length 

2 2 

The ou te r  end of each alumina tube is bonded t o  a kovar tube by a 

copper braze.  T h i s  kovar tube is threaded to  an ad jus t ab le  s t a i n l e s s  steel 

cy l inde r  a s  shown i n  Fig.  1, and i s  s e a l e d  to  i t  w i t h  a crushable copper 

washer. 

The g l a s s  f r i t  s e a l  mentioned above i s  amorphous i n  na ture  and weakens 

a t  high temperatures. To increase the operat ing range provis ions  w e r e  made 

* By Eitel-McCullough Inc . ,  301 Ind. Way, San Car los ,  Ca l i fo rn ia .  

** Obtained from Linde Crys t a l  Product Divis ion,  Union Carbide Corp., 
499 Hamilton Avenue, Pa lo  Alto,  Ca l i f .  
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to  balance the pressures  on both sides of the  sapphi re  windows. This was 

accomplished by i n s t a l l i n g  a second window (Na C1) a t  one end of t he  s t a i n -  

less steel cy l inde r  a s  shown i n  Fig.  1. During opera t ion ,  the  pressures  of 

i n e r t  gas  i n  the regions between the Na C1  windows and the  sapphi re  windows 

a r e  maintained equal  t o  t h a t  of the test gas .  

Measurements made w i t h  t h i s  system a r e  thus l i m i t e d  t o  the h ighes t  

s e r v i c e  temperature of t he  g l a s s  f r i t  (about 1500 OK) and t o  the  t r anspa ren t  

range of the sapphi re  windows. 

EXPERIMENTAL RESULTS 

Temperature Di s t r ibu t ions  

Temperature d i s t r i b u t i o n s  along the o p t i c a l  test pa th  w i t h  non-cooled 

alumina window holders  and w i t h  water-cooled window holders a r e  showed i n  Fig. 

2. A s  can be noted the  desired isothermal  condi t ion  is almost achieved 

w i t h  the alumina window holders.  The devia t ion  from t h e  maximum cen te r  

temperature i s  reduced t o  within 80 K when the c e n t e r  temperature is  1200 K. 

Absorption Measurements 

0 0 

Spec t r a l  a b s o r p t i v i t i e s  f o r  the fundamental band of pure CO gas  a t  a 

0 
cen te r  temperature of 1200 K,  a pa th  length  of 10 cm, and pressures  of 

0.25 t o  3 atm w i t h  alumina window holders and water-cooled window holders 

a r e  shown i n  Figs .  3 and 4 ,  respec t ive ly .  I n  each case the temperature a t  

the  cen te r  (as  measured w i t h  a thermocouple) was ad jus ted  t o  1200 K. The 

procedure followed i n  the ca l cu la t ion  of the  s p e c t r a l  a b s o r p t i v i t i e s  was 

0 

the  same, a s  descr ibed i n  reference 1, (page 19) .  A comparison of the  r e s u l t s  
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i n  Fig.  3 w i t h  those of Fig.  4 shows t h a t  the a b s o r p t i v i t i e s  w i t h  the  wa te r -  

cooled window holders  a r e  higher i n  the wave number region near  the band 

o r i g i n  but  lower i n  the wave number region f a r  from the band\or ig in .  This 

is  due to  the  f a c t  t h a t  the e f f e c t i v e  temperature along the test pa th  length  

of CO gas w i t h  the  water-cooled window holders  is lower than t h a t  w i t h  the 

alumina window holders .  

Inf ra red  r ad ia t ion  

An explanation f o r  t h i s  i s  given i n  the  next  s ec t ion .  

DISCUSS I ON 

from gases r e s u l t s  pr imari ly  f r o m  t r a n s i t i o n s  i n  the 

v ibra t ion- ro ta t ion  energy levels  of the molecules which possess  an e l e c t r i c  

moment (e .g . ,  C O Y  C o g ,  and H20). 

due t o  the  i n t e r a c t i o n  of v ibra t ion  and r o t a t i o n  a r e  so much smaller  than 

those of the v i b r a t i o n a l  energy l e v e l s  t h a t  the r o t a t i o n a l  l i n e s  i n  each 

v i b r a t i o n a l  band can only be dis t inguished by a high r e so lu t ion  spectrometer.  

Separat ions of the r o t a t i o n a l  energy l e v e l s  

For r a d i a t i v e  t r a n s f e r  s t u d i e s  such de ta i l ed  observations a r e  no t  

p r a c t i c a l  and less s e n s i t i v e  spectrometers can be employed. However, in-  

t e r p r e t a t i o n  of the measurements requi res  the  appl ica t ion  of an appropr ia te  

model  t o  s imulate  the  f i n e  s t ruc tu re"  of t h e  spec t r a ,  i .e . ,  v ib ra t iona l  

bands cons is t ing  of c lose ly  spaced r o t a t i o n a l  l i n e s  broadened pr imari ly  by 

molecular c o l l i s i o n s .  These models  spec i fy  the band s t r u c t u r e  - i n t e n s i t y  

d i s t r i b u t i o n ,  l ine-spacing d i s t r i b u t i o n ,  and l ine-width d i s t r i b u t i o n  - and 

y i e l d  r e l a t i o n s  between absorp t iv i ty  and band parameters,  i .e . ,  i n t eg ra t ed  

band i n t e n s i t y ,  average l ine-spacing, and average l ine-width ( see  re ference  

11 

2). 
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Cor re l a t ion  of Resul t s  

Attempts t o  c o r r e l a t e  the data i n  Fig.  3 by employing either Lambert- 

B e e r ' s  law ( e s s e n t i a l l y  the weak-line approximation) o r  a s t a t i s t i c a l  band 

model  w e r e  n o t  successfu l .  This l e d  t o  the  considerat ion of the  s t rong  l i n e  

approximation i n  the  E l sas se r  band model which y i e l d s  3 

0 a=cY p 
e u P = u = pa ,  

e e  

P e = D p +  c Fi Pi' 
i 

H e r e  d is the l ine-spacing,  P the  e f f e c t i v e  t o t a l  p ressure ,  S the  l i n e  

i n t e n s i t y ,  u the  e f f e c t i v e  amount of absorber ,  CT the  l ine-width,  u the  

amount of absorber ,  p the p a r t i a l  p ressure  of absorbing gas ,  a the geo- 

met r ic  path l eng th ,  p t h e  p a r t i a l  p ressure  of the i fore ign  gas ,  D 

self -broadening cons tan t ,  and F 

gas .  Subs t i t u t ion  of 8 and x i n t o  Eqn. (1) gives  

e 

e 

t h  
i 

broadening cons tan t  due t o  the  ith fore ign  
i 

0 I n  the Present  case ,  pi = 0 ,  and D = 1.02 (D f o r  CO gas a t  1200 K 

i s  assumed t o  have the same value a s  t h a t  a t  room temperature).  Thus P 

and u 

e 

can be ca lcu la ted  from can be determined, and then (n S Clo/d ) e 
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the values of A i n  Fig.  3 by using Eq. (2). The r e s u l t s  a r e  presented i n  

F ig .  5. 

i s  obtained for the pressure  range from 0.5 to  3 a t m  f o r  the pa th  length 

t e s t ed .  This co r re l a t ion  however only serves  t o  show the  consistency of 

ou r  da ta  and the  a p p l i c a b i l i t y  of the  s t rong  l i n e  approximation i n  the  

E l sas se r  model f o r  the range of condi t ions covered by the  present  experiment. 

Inves t iga t ions  over a wide  range of condi t ions a r e  necessary t o  e s t a b l i s h  

the general  v a l i d i t y  of t h i s  mode l .  

ComDarison w i t h  Davies ' Resul ts  

Good c o r r e l a t i o n  Of the values  f o r  (n  S ao/d2)1/2 with a mean l i n e  

-1 -1 , 2143 cm For purposes of comparison Davies' r e s u l t s  4 ,  a t  2119 cm 

and 2174 c m  w e r e  analyzed i n  the  same way t o  obta in  the values of 

(n S CZo/d 1 . (1 = 7.62 c m ;  F 

a s  0.40). "he po in t s  obtained a r e  p lo t t ed  i n  F ig .  5 and can be seen t o  f a l l  

about 2% higher  than the present r e s u l t s .  This could be due t o  t h e  

p o s s i b i l i t y  t h a t  the deviat ions f r o m  the s t rong  l i n e  approximation may 

occur a t  the l o w e r  range values of the  o p t i c a l  depth e x i s t i n g  i n  Davies' 

experiments (u = 3 a s  compared t o  u = 10 i n  the present  case).  

E f fec t  of the  Non-Isothermal Path Length 

-1 

= 0.78; the  concentrat ion was taken 2 1/2 
argon 

ry 

Radiat ive absorpt ion i n  a non-homogeneous gas  has been ex tens ive ly  

discussed by Plass. '  

a s  a s p e c i a l  case of t h i s  general problem. When the  s t rong  l i n e  approx- 

imation i n  the  E l sas se r  band model is appl icable ,  the abso rp t iv i ty  f o r  

a non-homogeneous gas  can be considered t o  be equal t o  the  abso rp t iv i ty  

Absorption i n  a non-isothermal gas is, to  be t r ea t ed  
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of an equiva len t  homogeneous gas if the  following condi t ion is s a t i s f i e d  

U 

'h Q h h o  u = I  S Q d u '  (3) 

H e r e  the subsc r ip t  h denotes a homogeneous gas. 

To obta in  an approximate expression f o r  the i n t e g r a l  i n  equation (3) 

w e  note  t h a t  f o r  pressure-broadened gases  under constant  pressure ,  

-1/2 CX Q C T  (4) 

and f o r  i d e a l  gases ,  

A l s o  f u r  a fundamental band whose i n t eg ra t ed  i n t e n s i t y  is temperature 

independent, 

(6) 
1 S ;i. exp [ -BJ (J+1) hc/kT] 

where J is the  r o t a t i o n a l  quantium number and is  an increas ing  func t ion  of 

I V  - V 

frequency and V the  frequency a t  band o r ig in .  Therefore w e  f i n d  

-1 I, B the  r o t a t i o n a l  constant (equal to  1.922 cm f o r  CO), V t he  
0 

0 

( 7 )  
-5/2 

S O d u  OC T exp (-Y/T) d i  

where r is an increas ing  function of f V  - V 

is a decreasing func t ion  of temperature f o r  small  Y and an increas ing  func t ion  

of temperature f o r  l a r g e  Y. The temperature of the CO gas i n  the test path 

w i t h  water-cooled window holders is lower (except a t  the center )  than t h a t  

1 .  Eq. ( 7 )  shows t h a t  S a du/di 
0 
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w i t h  alumina window holders  over t h e  whole o p t i c a l  path.  Therefore,  i n  com- 

par i son  w i t h  values of 

values  of 

f o r  V near  the band o r i g i n  and l o w e r  f o r  V f a r  from the  band o r ig in .  Since 

I 

I 

S Q: d u '  f o r  the  alumina window holders ,  the  

S CX d u '  f o r  the water-cooled window holders  w i l l  be higher  
l .6" 

the abso rp t iv i ty  is  an increasing func t ion  of S u ,  the abso rp t iv i ty  f o r  

gases  w i t h  t h e  water-cooled window holders  is  higher than t h a t  w i t h  alumina 
I 

window holders  near  the band or ig in  and v i ce  versa.  T h i s  i s  confirmed by 

comparison of the curves i n  Figs. 3 and 4 .  

Projec t  Schedule 

Immediate a t t e n t i o n  w i l l  be devoted to  obta in ing  absorpt ion da ta  f o r  

CO over the maximum poss ib l e  temperature, p ressure ,  and pa th  length  ranges 

of the  in f r a red  system. The p o s s i b i l i t y  of gas cool ing of the  alumina 

window holders  t o  permit operation up t o  2000 K is  being inves t iga ted .  
0 



10 
REFERENCES 

l f  1. W. H. Giedt ,  C. L. Tien and o the r s ,  The Study of Base Heating by 
Radiation from Exhaust Gases", F ina l  Report ,  Contract  No. 
NAS 8-850, NASA, I n s t i t u t e  of Engineering Research, Univers i ty  of 
Ca l i fo rn ia ,  Berkeley, Cal i forn ia  (1964). 

11 2 .  R. Gre i f ,  R e v i e w  of Emissivity Calcu la t ions  f o r  Diatomic Gases", 
F i r s t  Quar te r ly  Progress  Report, Contract  No .  NAS 8-850, NASA, 
I n s t i t u t e  of Engineering Research, Universi ty  of C a l i f o r n i a ,  
Berkeley, Ca l i fo rn ia ,  1964. 

3. U.  P. Oppenheim and Y .  Ben-Aryeh, "A General Method f o r  t he  Use 
of Band Models, with Applications t o  In f r a red  Atmospheric 
Absorption, " JQSRT, 4 ,  559-570 (1964) . 

4 .  W .  0. Davies, "Infrared Absorption by Carbon Monoxide a t  High 
Temperature", J. Chem. Phys . - 36, 292 (1962) . 

( 1  5. G. N. P l a s s ,  Spec t r a l  Band Absorptance f o r  Atmospheric S l a n t  
Paths", Appl. Opt. 2 ,  515-526 (1963). 



. 

"1 w I- 

a 
3 

0 z 

h 

W 
E 
3 
L 

h 
E 

W 
I- 



n 
W 
-1 
0 
0 
0 
z 
0 z 
I 
I- - 
3 

0 

E 
0 

b 
I 
I 
L 

(3 
z 

Q: 
*s 

cn z 
0 
I- 
3 

- 
m 
a 

n 
w a 
3 
I- a a 
w 
(L 
E 
w 
I- 

v, 
a 
(3 

cu 
W 
LL 

I- cn - 

- 
D 

3 



Y 
0 

- z  
W 

= J  

0 0  
0 / 0 

0 ’ /’ 

0 - aD 
0’ 

TJ- 
0 0 

Al lA l ld8OSB W 

N 

0 
0 

0 
0 
Lo 
N 

0 
0 
TJ- 
N 

0 
0 
rQT 
N E  

o m  
O W  
cvm 
N f  

3 
7 

O W  
O >  
- e  
N3 

0 
0 
0 
N 

0 
0 
a, - 



* 

4 

I 

50 
L O I  

(0 -3- 
0 0 0 

M A  lldkl O S 8  W 

0 cu 
0 



3 

0.0 E 

0.0 4 
cv 

I 
1 
E 
0 

E 
c 
0 

0.0 2 

Y 0.01 

0 

0 

0 /“p\n 
0 m 

0 3 Atm. 
X 2Atm.  
* I Atm. 
+ 4 A t m  

DaviesJ Result 

1900 2000 2100 2200 2300 
WAVE NUMBER, cm-l 

FIG.5 (7T S W o )  v2/d vs WAVE NUMBER FOR C O  
FUNDAMENTAL AT TEMPERATURE I200 O K  


